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Outline
• The “State of Affairs”

• Working with Pharma in preclinical and clinical 
studies:
– Avibactam 

– Relebactam

– Vaborbactam

– WCK5153 and Zidebactam

– ETX2514 

– Nacubactam

• AAI101

• New compounds!

My goal is to 
provide the basic 

knowledge required 
to distinguish and 

differentiate each of 
the novel BLIs  that 
are commercially 
available and in 

development



“Life-saving 
Therapy”

Mojica, Bonomo and Fast

Why 

Impact on 
society.

Why are these 
drugs losing 

their efficacy? 



β-lactamases

Clin. Microbiol. Rev. 2010, 23(1):160



And then….the carbapenemases

KPC-2 NDM-1

VIM-2 OXA-48

“Inky darkness and horror…no longer can imipenem
save your life….”
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“Global Menace”



Need to embark upon a journey of 
discovery…

Cezanne
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To overcome b-lactamases, we must 
understand the mechanism 

Bush and Bradford, Nature Microbiology, 2019





Inhibit b-lactamases: a major clinical 
achievement!

Clavulanic Acid Sulbactam Tazobactam
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Augmentin
Timentin
Unasyn
Zosyn
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Preserving the b-Lactam Promise –the 
“new generation of BLI”

Ceftazidime

Avibactam

Imipenem

Meropenem

Relebactam

Vaborbactam



Cefepime

AAI101

Sulbactam
ETX-2514

VNRX-5133

Zidebactam



NacubactamMeropenem



AVIBACTAM



Ceftazidime Avibactam

• Avibactam resembles portions of the 
cephem bicyclic ring system, 



Against Kp KPC, the addition of AVI improves
the activity of taz (~4x MIC reduction).
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Ceftazidime-Avibactam

Pathogen CAZ-AVI-4ug/ml Ceftazidime Meropenem Pip/Tazo

Enterobacteriaceae 0.12 / 0.25 0.12 / 8 < 0.06 / < 0.06 2 / 16

CTX-M-15 like 0.12 / 0.5 16 / >32 < 0.06 / < 0.06 8 / >64

KPC-Producing 
Enterobacteriaceae

0.25 / 1 >32 / >32 > 8 / > 8 >64 / > 64

P. aeruginosa 2 / 8 2 /  32 0.5 / 8 4 / 64

CAZ MIC > 8 4  / 16 > 8 / > 8 4 / >32 64 / > 64

MER MIC > 4 4 / 16 16 / >32 > 4 / > 4 32 / > 64

Antibiotic MIC50 / MIC90  (US Hospitals; 2011-4) 

Hubband et. al. AAC 2016;60:2537. Livermore, JAC 2010;65:2376-81.  Castanheira et. al. AAC 2015;59:3509. 

• Inhibited by class B and some class D  B-lactamases or other mechanisms of 

bacterial protection (e.g. efflux pumps, porin size, cell wall alteration)

• Gaps in coverage: K. pneumoniae producing MBLs (VIM, MDM), 

ESBL-Acinetobacter, Burkholderia, Stenotrophomonas (NDM), 

Pseudomonas spp. with ceftaz-efflux pumps, anaerobes, MRSA 



1. 2.5 g taz avi
vs 1.25 
mg/kg 
polymyxin

2. Compared 
to 
Polymyxin, 
taz avi did 
better 
against 
different 
strains 

JAC, 2018



PLOS One, 2016 

Active site 
of KPC 

is broader 
and “more 

open”



Colistin vs. ceftazidime –avibactam in the 

treatment of Infections due to

Carbapenem-resistant Enterobacteriacea

David van Duin, et al

Clin Infect Dis. 2018 Jan 6;66(2):163-171



CRACKLE-I 

• 137 patients met criteria; 38 patients were 
treated first with ceftazidime-avibactam and 99 
with colistin.

• BSI (n=63, 46%) > PNA(n=30, 22%). 

• No isolates had blaNDM, blaVIM, blaIMP or blaOXA-

48. 

• ST258A (18/54, 33%) and ST258B (23/54, 43%) 
were the most commonly encountered clades 
of CRKP

Consortium on Resistance Against Carbapenems in Klebsiella and other 

Enterobacteriaceae (CRACKLE), a prospective, multicenter, observational study. 



Conclusions

• In patients treated with TAZ AVI vs. colistin 
all-cause hospital mortality at 30-days after 
starting treatment was 9% vs 32%

• Thus…..In this prospective, observational, 
multi-center cohort, all-cause propensity 
adjusted mortality was decreased in patients 
with CRE infections started on 
ceftazidime/avibactam vs. colistin (absolute 
risk reduction 23% [95% CI 9%-35%], 
p=0.0012).



n=13 n=25 n=30 n=41

Colistin group; n=99

C-A group; n=38

“One good drug 

is better than 

two bad ones”



AAC, 2018

More than just
Pseudomonas

Flexible, highly 
mobile W loop



ACS ID 2017

Formed the 
basis of a 

novel 
therapy for 

terminal 
infections in CF



AAC 2018



Caz-avi

N = 393

Doripenem

N = 417

Tx Diff 
(95% CI)

n (%)

Day 5 sx resolution 276 (70.2) 276 (66.2) 4.0 (-2.39, 10.42)

TOC clin/micro 280 (71.2) 269 (64.5) 6.7 (0.30, 13.12)

TOC micro (EMA) 304 (77.4) 296 (71.0) 6.4 (0.33, 12.36)

Ceftaz NS, n/n (%) 48/75 (64.0) 51/85 (60.0) 4.0 (-11.11, 18.81)

•Caz-avi 2000/500mg q 8 hrs vs doripenem 500mg q 8h; po switch p 5 d

•Caz-avi superior in micro response at TOC (EMA)
•Adverse events similar

Wagenlehner et al.  Clin Infect Dis 2016; 63: 754

RECAPTURE
Ceftaz-avi vs Doripenem cUTI/AP



Hypothesis

L2
Avibactam

Aztreonam L1

PBP



Mojica et al AAC 2016



At 2 h ≥ 4 log10 decrease 

in CFU in time-kill assays 

(ATM 8 mg/L) 

≥ 4 log10 decrease 

in thigh infection (32 

mg/kg CZA and 32 mg/kg 

ATM)

NDM producers

HFM and Phase 1

clinical trial 

Fingers crossed



RELEBACTAM



1. Major OmpK36 porin mutations 
were independently associated with 
higher imi/rel MICs (P 0.0001) and 
showed a trend toward independent 
association with higher taz avi MICs (P 
0.07).

2. The presence of variant KPC-3
was associated with taz avi resistance 
(P 0.0001). In conclusion,
imi-rel and taz-avi had overlapping 
spectra of activity
and niches. and taz-avi resistance.

Major OmpK36 mutations 
stepwise emergence of imi-rel R



MICs are 
lower 

because 
imipenem 
is a more 

potent 
partner



• RESTORE-IMI 1 study  @ 28th ECCMID 2018 (Madrid) 4/21-24. 

• Multicenter, randomized, DB, comparator-controlled trial : IMI/REL vs COL+IMI in 
pts with imi-non-susceptible bacterial infxs.

• Patients with HABP/VABP, cIAI, or cUTI caused by one or more imi-non-susceptible 
(but Colistin- and IMI/REL susceptible) pathogens, were randomized 2:1 to receive 
IMI/REL or COL+IMI in a double-blind fashion.

• Study duration was 5-21 days for cUTI and cIAI;  7-21 days for HABP/VABP.

• Favorable overall response was comparable for the IMI/REL (71.4%; n=15) and 
COL+IMI (70.0%; n=7) treatment arms. Favorable clinical response at Day 28 was 
higher in the IMI/REL arm (71.4%; n=15) compared to the COL+IMI (40.0%; n=4) 
arm, and 28-day all-cause mortality was lower in the IMI/REL arm (9.5%; n=2) vs. 
COL + IMI (30.0%; n=3), respectively.

• adverse events occurred in 16.1% of patients (n=31) in the IMI/REL arm vs.  31.3% 
of patients (n=16) in the COL+IMI arm. Treatment-emergent nephrotoxicity was 
lower with IMI-REL (10%; 3/29)



VABORBACTAM

https://www.google.com/imgres?imgurl=https://upload.wikimedia.org/wikipedia/commons/thumb/d/d4/Vaborbactam.svg/250px-Vaborbactam.svg.png&imgrefurl=https://en.wikipedia.org/wiki/Vaborbactam&docid=KBRCat7DEd6kYM&tbnid=KNPIF_QrtgKj7M:&vet=10ahUKEwjAx5zKi6PhAhUhwYMKHTJFDxsQMwg_KAEwAQ..i&w=250&h=96&bih=600&biw=1366&q=vaborbactam%20structure&ved=0ahUKEwjAx5zKi6PhAhUhwYMKHTJFDxsQMwg_KAEwAQ&iact=mrc&uact=8


Are these “druggable”…..Jump forward to novel 
boranates in development 

Ki= 0.07 vs KPC; Ki-= 0.03 vs SHV-12



39

• Phase 3, MC, MN, RCT (TANGO I) conducted 

11/ 2014 to 4/ 2016 

• Patients (≥18 years) with c UTI, stratified by 

infection type and geographic region

CID



TANGO I

• Eligible patients were randomized 1:1 to 
receive meropenem-vaborbactam (2g/2g over 
3 hours; n = 274) or piperacillin-tazobactam 
(4g/0.5g over 30 minutes; n = 276) every 8 
hours. 

• After 15 or more doses, patients could be 
switched to oral levofloxacin if they met 
prespecified criteria for improvement, to 
complete 10 days of total treatment.



TANGO I

• For the FDA primary end point, overall success 
occurred in 189 of 192 (98.4%) with 
meropenem-vaborbactam vs 171 of 182 
(94.0%) with piperacillin-tazobactam 
(difference, 4.5% [95% CI, 0.7% to 9.1%]; 
P < .001 for noninferiority). 

How do you translate these 

studies to CREs? MDROs?



Pogue …..Kaye CID 2018

TAZ AVI  ≠   Mero Vabor



VNRX 5133

https://www.google.com/imgres?imgurl=https://medkoo.com/uploads/product/VNRX-5133/image/VNRX5133.gif&imgrefurl=https://medkoo.com/products/18271&docid=iAqE-LVP1V9t4M&tbnid=kbWdUDm-yzD_aM:&vet=10ahUKEwjzwtmMiqPhAhUGbKwKHYlmC2gQMwg-KAAwAA..i&w=275&h=95&bih=600&biw=1366&q=vnrx-5133&ved=0ahUKEwjzwtmMiqPhAhUGbKwKHYlmC2gQMwg-KAAwAA&iact=mrc&uact=8


WCK 5107

WCK 5153

WCK 4234

Novel DBOs: forging new paths

1. BLEs represent a new antimicrobial class and work by providing 
complimentary PBP inhibition to a partner β-lactam.

2.   By targeting two different PBPs, BLEs act synergistically (P.   
Aeruginosa and A. baumannii)

3.   Operate independently of BLIs.

Moya, …Papp-Wallace,.. Bonomo AAC 2017; Papp-Wallace …Bonomo J Med Chem



A murine 
neutropenic lung 
infection model 

using A. baumannii
SL06 carrying 

blaOXA-23 and 
blaOXA-51. The
graphs represent 

the change in 
CFU/lung after 

different antibiotic 
treatments 

administered as 
q2h.).



EXT2514+ Sulbactam
Form the basis

of a phase III trial



S64

T313

Y150

S315

R340

N152

K67

R346

N343

V292

L119

N287

Desulfated fragment of ETX2514 bound to ADC-7

ETX2514 fragment makes a covalent bond with S70, a hydrogen bond with T313, and 
has its carbonyl oxygen located outside the oxyanion hole. 2.2 Angstroms



Nacubactam

• Nacubactam, formerly RG6080 and OP0595, is a 
member of the growing class of bridged 
diazabicyclooctane (DBO) b-lactamase inhibitors 
that differs from avibactam with the addition of an 
aminoethoxy group to the carbomyl side chain 
present on avibactam 



Nacubactam MOA

This aminoethoxy group to the carbomyl side chain is likely 
responsible for the significant intrinsic antibiotic activity of 
nacubactam alone.  

Analogous to ETX2514, and the WCK 5153 and zidebactam DBOs, 
nacubactam inhibits Escherichia coli penicillin binding protein 2 
(PBP2) . 

Moreover, nacubactam was reported to act synergistically as a β-
lactam enhancer, like mecillinam and the WCK 5153 and 
zidebactam DBOs, when combined with other b-lactams.

This “enhancer” effect is the result of these combinations 
possessing the ability to target multiple PBPs.  



MICs of 44 K. pneumoniae clinical isolates containing KPC-2 or KPC-3 β-
lactamases tested against meropenem (MERO) and MERO combined with 
nacubactam (Nacu) at a 1:1 ratio. 



SAR based MICs

• We hypothesized that the structure and catalytic 
determinants (i.e., amino acids 73, 104, 105, 130, 164, 166, 
170, 179, 220, 234, 235, 237, 240, and 276) that mediate 
inactivation of class A b-lactamases by β-lactamase 
inhibitors, such as oxapenems, sulfones, and DBOs would 
also play a role in the inactivation mechanism of 
nacubactam. 

• Isogenic panel of E. coli producing KPC-2 variants with single 
amino acid substitutions at critical active site residues (73, 
104, 105, 130, 164, 166, 170, 179, 220, 234, 235, 237, 240, 
and 276)

• KPC-2 K234R variant was found to demonstrate increased 
meropenem-nacubactam minimum inhibitory concentration 
(MIC) compared to KPC-2, yet did not possess an increase in 
meropenem MIC. 



KPC-2 Substitution
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pBC SK vector

KPC-2 (wt) 1 0.12 1 1 > 32 0.12 0.25 2 128 ≤ 0.12 1 0.12 0.015 2

H274Y (KPC-3) 2 0.06 0.5 0.5 32 0.06 0.25 2 64 ≤ 0.12 1 0.12 0.015 2

P104R
V240G (KPC-4) 2 0.12 0.25 0.5 > 32 0.12 2 4 64 ≤ 0.12 2 0.12 0.015 2

P104R (KPC-5) 2 0.06 0.12 0.12 > 32 0.12 0.25 1 32 ≤ 0.12 2 0.12 0.015 2

V240G (KPC-6) 2 0.06 0.25 0.12 > 32 0.12 0.5 2 64 ≤ 0.12 2 0.12 0.015 2

M49I
H274Y (KPC-7) 2 0.06 0.25 0.25 32 0.06 0.25 2 64 ≤ 0.12 2 0.12 0.015 2

V240G
H274Y (KPC-8) 2 0.12 0.5 0.5 > 32 0.12 1 4 128 ≤ 0.12 1 0.12 0.015 2

K73A 2 0.015 0.01 0.008 0.25 0.12 0.5 0.06 2 0.025 2 0.12 0.03 2

K73R 2 0.03 0.01 0.008 0.12 0.12 0.25 0.15 4 ≤ 0.12 2 0.12 0.015 2

P104A 2 0.06 0.5 0.5 > 32 0.06 0.25 2 64 0.25 2 0.5 0.015 4

P104K 2 0.25 1 1 > 32 0.12 0.5 4 128 0.5 2 0.5 0.015 4

W105A 1 0.06 0.06 0.12 32 0.06 0.12 0.25 32 0.25 1 0.12 0.015 2

S130G  1 0.03 0.01 0.008 0.25 0.06 0.12 0.06 > 128 0.25 2 0.12 0.015 2

S130T 2 0.06 0.03 0.06 0.12 0.06 0.25 0.12 4 ≤ 0.12 1 0.12 0.015 2

E166A 2 0.03 0.06 0.015 0.25 0.06 0.25 0.12 2 0.25 2 0.12 0.015 2

E166Y 2 0.03 0.03 0.06 2 0.06 0.5 1 1 ≤ 0.12 2 0.06 0.015 2

N170A 4 0.06 0.03 0.06 1 0.12 2 2 64 ≤ 0.12 2 0.12 0.015 2

N170P 2 0.06 0.03 0.25 4 0.12 4 4 4 0.25 2 0.12 0.015 2

R220K 1 0.06 0.06 0.12 2 0.06 0.12 0.12 2 0.25 2 0.12 0.015 2

N    N+M      M



R220M 1 0.03 0.03 0.15 0.25 0.06 0.12 0.12 32 0.25 1 0.06 0.015 2

T235A 2 0.03 0.03 0.015 1 0.06 0.12 0.06 32 0.25 2 0.12 0.015 2

T235S 2 0.03 0.12 0.016 0.5 0.06 0.12 0.06 4 0.25 4 0.5 0.015 2

T237A  1 0.03 0.06 0.25 16 0.06 0.12 0.06 32 0.25 2 0.12 0.015 2

T237S 1 0.06 0.5 1 > 32 0.06 0.25 1 64 0.25 1 0.12 0.015 2

V240G 2 0.25 4 8 > 32 0.25 2 16 > 128 0.25 2 0.12 0.015 2

V240K 2 0.25 2 4 > 32 0.12 0.5 4 > 128 0.25 2 0.06 0.015 2

E276A 1 0.12 0.5 1 32 0.06 0.25 1 64 0.25 2 0.12 0.015 2

E276N 2 0.06 0.25 0.5 16 0.12 0.12 0.5 64 0.25 2 0.12 0.015 2

pBR322-catI- vector

wt 2 0.25 8 32 > 32 0.25 1 16 > 128 0.25 0.5 0.12 0.03 2

R164A 2 0.25 0.5 2 > 32 0.12 4 8 > 128 0.25 0.5 0.06 0.015 2

R164H 2 0.25 2 4 > 32 0.12 1 > 32 > 128 0.25 ≤ 0.25 0.06 0.015 2

R164P 2 0.06 0.03 0.12 0.25 0.12 8 0.5 2 ≤ 0.12 0.5 0.06 0.015 2

R164S 2 0.12 1 2 > 32 0.06 2 8 > 128 0.25 ≤ 0.25 0.06 0.015 2

D179A 2 0.06 0.03 0.12 1 0.12 8 2 2 0.25 0.5 0.06 0.015 2

D179C 1 0.06 0.06 0.5 8 0.12 8 1 2 ≤ 0.12 0.5 0.12 0.015 2

D179E 1 0.03 0.01 0.03 1 0.12 2 0.12 2 ≤ 0.12 1 0.12 0.015 4

D179F 2 0.06 0.06 0.12 4 0.12 8 4 2 ≤ 0.12 ≤ 0.25 0.06 0.015 2

D179G 4 0.12 0.12 0.25 8 0.12 8 8 8 ≤ 0.12 1 0.06 0.015 2

D179H 2 0.06 0.03 0.12 0.25 0.12 8 1 1 ≤ 0.12 0.5 0.06 0.015 2

D179I 1 0.015 0.01 0.15 0.25 0.12 8 0.5 2 0.25 2 0.12 0.015 2

D179K 2 0.03 0.03 0.03 0.12 0.12 4 0.25 4 ≤ 0.12 ≤ 0.25 0.06 0.015 2

D179L 2 0.06 0.03 0.03 2 0.12 8 2 2 ≤ 0.12 ≤ 0.25 0.06 0.015 2

D179M 2 0.06 0.06 0.12 1 0.12 8 4 2 ≤ 0.12 0.5 0.06 0.015 2

D179N 2 0.25 2 4 > 32 0.12 2 8 > 128 ≤ 0.12 0.5 0.06 0.015 2

D179P 1 0.03 0.03 0.06 1 0.12 8 1 1 ≤ 0.12 ≤ 0.25 0.12 0.015 2

N    N+M      M
Taz avi



D179Q 2 0.06 0.03 0.12 0.25 0.12 4 0.25 1 ≤ 0.12 0.5 0.06 0.015 2

D179R 1 0.06 0.03 0.06 0.12 0.12 4 0.12 1 ≤ 0.12 0.5 0.06 0.015 2

D179S
1 0.03

0.01
5

0.03 1 0.06 1 0.5 2 0.25 1 0.12 0.015 2

D179T 1 0.06 0.03 0.12 1 0.12 8 1 2 ≤ 0.12 ≤ 0.25 0.06 0.015 2

D179V 1 0.06 0.03 0.12 1 0.12 8 2 1 ≤ 0.12 0.5 0.12 0.015 2

D179W 2 0.06 0.06 0.03 4 0.12 8 4 2 ≤ 0.12 0.5 0.12 0.015 2

D179Y 2 0.06 0.06 0.25 1 0.12 8 2 2 ≤ 0.12 0.5 0.12 0.015 2

R220A 2 0.12 0.12 0.25 1 0.06 0.25 0.5 > 128 0.25 ≤ 0.25 0.06 0.015 2

K234A 1 0.015 0.01 0.008 0.12 0.06 0.12 0.03 1 0.25 0.5 0.12 0.015 2

K234R 2 0.5 2 4 32 0.12 0.25 8 > 128 0.25 0.5 0.06 0.015 2

N    N+M      M
Taz avi
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AAI101 possesses a strategically placed 
methyl group that gives the inhibitor a net neutral charge

enhancing bacterial cell penetration. 

AAI101 possessed a unique mechanism of β-lactamase
inhibition compared to tazobactam
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170 237 238 238 238 272 272 272 170 167 272  167 238

Amino acid position
170    170       239        237         238        272         167

Amino acid position
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In a mouse septicemia model AAI101 improves the 
therapeutic efficacy of cefepime in vivo. 
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Closing Reflections



Exploring 
new 

“chemical 
Space”



Can one inhibit Acinetobacter (ADC)?

2014 Dec; 53: 7670-9

Specific modifications (sulfonyl, benzyl, triazole moieties)  to 
optimize structure activity relationships (SAR) 



Does S02030 work against other 
b-lactamases? 

SHV?
TEM?

CTX-M?
KPC?

Next steps
Toxicology, determine pharmacokinetc
parameters in the mouse (Cmax. AUC, 

Vd, Cl), etc
Need $ €  £ ¥



W105

R220
N132

S130

K73

S70

T237

S02030 S02030 S02030

Strain β-lactamase FEP FEP ERT ERT CAZ CAZ

DH10B none 0.06 0.06 0.06 0.06 1 0.25

E.coli DH10B PBR322 KPC-2 16 0.25 8 0.06 64 4

K. pneumoniae (Kp) KPC-2 16 0.125 16 0.5 64 2

Kp VA375 KPC 16 0.5 8 0.06 64 8

Kp VA388 KPC 8 0.125 4 0.06 64 2

Kp ST258 KPC-2 64 >8 >16 >1 >64 >8

Kp ST258 KPC-3 32 0.5 16 1 64 2

Kp ST17 KPC 64 0.125 8 0.06 32 2

E. coli PR247 (Ec) KPC 16 0.25 16 0.25 64 2

E. coli pLTCF 1 KPC 8 0.125 0.125 0.06 8 0.5

KPC-2 and S02030Ki = 80 nM

Also works vs. Klebsiella KPC

Agar dilution MICs 



Does it matter…..

Animal model- S02030-Cefepime combination 
in collaboration with Dr. Brad Spellberg Keck School of Medicine 

at University of Southern California, Los Angeles, California

1.9E+8 CFUs

2.1E+8 CFUsActual =

Actual/Aim = 111%

Inoculum

Aim =

KPC-2

SHV-1

Kinetics show 
that S02030 is 

slow to associate 
and to 

disassociate
Behave as slow 

binding 
inhibitors

Ki = 0.08 ± 0.002 uM
for KPC-2 and 0.13 ±
0.002 uM for SHV 



MB054
MB076

S02030

From this series we further identified 6 candidates similar 
with S02030 to inhibit class A (KPC-2) and C β-lactamases 

(ADC-7) . The best one seems to be MB-076

IC50=50nM

IC50=70nM
IC50=100nM

S15084

IC50=500nM

OS

H
N

B

N

HO OH

N
N

O
OH

O

S18_132

IC50=1μM

OS

H
N

B

N

HO OH

N
N

N
HOOC

COOH

S18_133

IC50=2-5μM

OS

H
N

B

N

HO OH

N
N

HOOC COOH

S18_134

IC50=2μM

*IC50 are determined for ADC-
7 enzyme. 

The compounds did not work 
for metallo lactamases at 

20μM

Series I



COMP
FEP + BATSI

KPC-2

IMI+ BATSI

NDM-1

CAZ+ BATSI

ADC-7

ADC-7

IC50 [μM]

Abt. Partner [mm] 10 8 12

1 s17067 17 10 18 ≈20

2 s17068 14 8 12 ≈20

3 s17069 15 10 17 ≈20

4 s17070 21 12 20 ≈5

5 s17071 16 10 20 ≈5

6 s17075 15 7 12 >20

7 s17076 16 8 12 ≈5

8 s17077 14 10 22 ≈5

9 s17078 10 7 20 ≈5

10 s17079 20 11 20 ≈5

11 s17080 18 10 12 >20

12 s17081 15 8 12 >20

13 s17082 12 9 12 >20

14 s17083 20 12 22 ≈1

15 ME_088 18 8 20 ≈5

16 ME_089 16 7 12 >20

17 ME_090 21 8 12 >20

18 ME_091 19 10 12 >20

19 ME_092 18 12 17 >20

20 ME_093 20 10 12 >20

21 ME_094 15 10 15 >20

22 ME_096 25 8 20 ≈1

23 ME_097 16 8 16 >20

24 MB054 28 8 27 0.07

25 MB076 25 8 27 0.1

26 S15084 23 8 16 0.5

27 S02030 28 8 26 0.05

Disk assays against class A, class C 
and metallo β-lactamases were 

performed.
Disks with 10μg of BAI and 10 μg of 
partner antibiotic were added and 
E.coli, DH10B β-lactamases strains 

in pBCSK(-) vector.

The partner antibiotic was cefepime
(FEP) for KPC-2, ceftazidime (CAZ) 
for ADC-7 and imipenem (IMI) for 

NDM-1.

OBS: 
IC50’s were performed with and 

without 5 min time incubation of 
BAI and enzyme, 



Microbiological data for different strains of class A β-lactamases 
and selected BATSI – series I 

MIC’s were performed on M-H agar plates, with 4μg/ml BATSI and increasing concentration of cefepime (FEP). 

Strains FEP SO2030+FEP MBO54+FEP MBO76+FEP

E-coli DH10B 0.25 ≤0.25 0.25 ≤0.25

E-coli SHV-1_ATCC BAA-202 8 0.5 1 ≤0.25

E.coli DH10B SHV-1_pBC SK (-) 2 ≤0.25 0.5 ≤0.25

SHV-2_pBCSK 4 ≤0.25 2 ≤0.25

E-coli PBR322 KPC-2 16 ≤0.25 0.5 1

K. pneumoniae (5) KPC-2 16 ≤0.25 2 0.5

K. pneumoniae-ST258 128 8 32 16*

Kp animal model 32 0.5 4 0.5

Per 21 16 2 4 2

When the antibiotic partner is cefepime (FEP) both  MB_056 and MB_076 are decreasing 

the agar MIC’s to values close to FEP and S02030 combination. 

MB076 seems to work better than MB056 for most of the strains. 

*WGS

Confidential



Part 4. New Directions

• MBLs

• Bisthiazolidine (BTZs), Fragment libraries 
(DPAs)

• New Approaches

• Back to Basics



Courage to forge new paths
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Figure 1: Active Sites of MBL Subclasses. B1 (Left); B2 (Center); B3 (Right).



FRAGMENT LIBRARIES



https://pubs.acs.org/action/showImage?doi=10.1021/acs.jmedchem.7b00407&iName=master.img-000.jpg&type=master


While DPA displayed a propensity to 
chelate metal ions from NDM-1, 36 

formed a stable NDM-1:Zn(II):inhibitor 
ternary complex, as

demonstrated by 1H NMR, electron 
paramagnetic resonance (EPR) 

spectroscopy, equilibrium dialysis, 
intrinsic tryptophan

fluorescence emission, and UV−vis 
spectroscopy.



The bicyclic BTZ 
structure mimics the β-

lactam scaffold

BTZ carboxylate is
able to replicate the 
interactions of the 

equivalent group at 
C3/C4 of β-lactams

Bisthiazolidine (BTZs) as inhibitors 



Catalytic 
mechanism 
for B1 MBLs 

R228L MICs of cefepime from 
0.5 to 4 mg/L

In some ways, this natural variant 
(R228L) recapitulates the clinical 
observation made in class A β-

lactamases such as TEM or SHV, in 
which a single amino acid substitution 

results in an “extended spectrum” 
phenotype. 

Biochemistry 2015



BTZs restore the in vitro activity of imipenem 
against VIM-2 producing P. aeruginosa (A) 
and VIM-24 producing K. pneumoniae (B). 

Against NDM-1-producing K. 
pneumoniae (A),  A. baumannii (B), 

and P. rettgeri (C).

No tox against HeLa 
andHek293 cells 

at 500 uM



CS319 inhibits
VIM-2 and NDM-1 

PNAS . 2016 Jun 28;113(26):E3745-
54.

https://www.ncbi.nlm.nih.gov/pubmed/27303030


Figure 5: TZs as MBL Inhibitors. A.

Structures of synthesized

thiazolidines, and comparison with

hydrolyzed benzylpenicillin. B. Crystal

structure of Sfh-I complex with L-TZ-1

(preliminary data, J. Spencer).

Figure 5: TZs as MBL Inhibitors. A. Structures of

synthesized thiazolidines, and comparison with

hydrolyzed benzylpenicillin.

A. B.



Challenges ahead
• Identification of measureable biological 

correlates of b-lactamase inhibition in the cell 
are still elusive.

• New BLIs and b-lactams

• New collaborations; ……like getting married 
“right partner” is key…..”genius is knowing a 
good idea when you hear one”

• New ideas and new tools ….. protein 
science/NMR/peptide fragments/antibody 
based therapies/diagnostic platforms/analytical 
tools/cryoEM/AFM/SEM… 



“No time to lose”: 
Forward looking 

science for the benefit 
of patients must be 
based upon sound 

theory and should be 
our mandate – need to 

marry hypothesis 
testing at the bench to 

the clinic Beta-

lactamases
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